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The Choristoneura fumiferana nuclear polyhedrosis virus spindle-like protein (slp) gene has been identified and localized
immediately downstream and in the same orientation as the CfMNPV DNA polymerase gene. The slp gene is 1101 bp long,
predicted to code for a 366 amino acid (42.1 kDa) polypeptide. Transcriptional analysis revealed that the CfMNPV slp gene
is expressed at late times postinfection, beginning at 24 hr postinfection and is most abundantly expressed after 36 hr.
Transcription initiates within a single baculovirus consensus late start site sequence (GTAAG) at position 018 relative to
the translation start codon. Based on amino acid comparisons, the CfMNPV gene is closely related to other similar baculovi-
rus genes and distantly but recognizably related to the fusolin proteins of two entomopoxviruses. The conservation of amino
acid sequence, glycosylation signals and specific domains throughout the protein suggest that this gene product may play
an important role in insect DNA virus replication. q 1996 Academic Press, Inc.
Baculoviruses, a group of large DNA viruses which Choristoneura fumiferana nuclear polyhedrosis virus
infect insects, are known as efficient eukaryotic expres- (CfMNPV) is a baculovirus specifically infecting a major
sion vectors and for their potential use as biopesticides. North American forest insect pest, the spruce budworm.
The best studied baculovirus is the type species Auto- Compared with the prototype baculovirus AcMNPV, the
grapha californica nuclear polyhedrosis virus (AcMNPV) CfMNPV infection cycle is longer, viral gene expression
for which the complete genomic nucleotide sequence and virus DNA replication are delayed and reduced quan-
has recently been determined (1). Great progress has titatively (15). Because analysis of CfMNPV promoter
been made in identifying functions for many of the open function has demonstrated that major differences in gene
reading frames identified and a number of genes essen- expression exist between CfMNPV and AcMNPV (16), it
tial for DNA replication and viral transcription have been is possible that regulators of viral gene expression are
identified, based on transient assays (2, 3). These results also virulence factors. To provide the genetic tools re-
have confirmed and extended results of genetic studies quired to elucidate the molecular mechanism underlining
which have also identified a number of essential viral these differences between CfMNPV and other baculovi-
genes (4–8). Based on the failure to construct an inser- ruses, we have begun to analyze the genetic organization
tion mutant, it has been reported that the AcMNPV p34.8 of CfMNPV. In this communication, we report the identifi-
gene is also essential (9). This gene encodes a virus cation, sequence analysis, and characterization of tran-
structural protein associated with AcMNPV occlusion scription of the CfMNPV p34.8 gene homologue. This is
bodies (10). A structural gene homologous with p34.8 the first report describing the transcription features of a
has been identified in OpMNPV (11). These baculovirus late CfMNPV gene.
genes have also been shown to be related to similar We previously identified a partial open reading frame,
genes in two entomopoxviruses (12, 13), where they have located downstream from the CfMNPV DNA polymerase
been referred to as spindle proteins or fusolins (14 ). gene (17 ). To further characterize this gene, we extended
our sequence analysis to include the complete open
reading frame of 1101 bp, capable of encoding a polypep-1 The nucleotide sequence data reported in this paper have been
submitted to the GenBank nucleotide sequence database and have tide of 365 amino acids (42.1 kDa) (Fig. 1). Protein data-
been assigned Accession No. U26734. base searches revealed a high degree of sequence simi-
2 Current address: Department of Microbiology and Molecular Genet- larity with three other baculovirus gene products: theics, Harvard Medical School, 200 Longwood Ave., Boston, MA 02115.
AcMNPV p34.8 protein (9, 10), the OpMNPV gp37 protein3 To whom correspondence and reprint requests should be ad-
dressed. Fax: (613) 545-6796. E-mail: carstens@post.queensu.ca. (11), and the BmNPV ORF (18) as well as fusolin, a protein
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FIG. 1. Location and nucleotide sequence of the CfMNPV slp gene. (A) The top panel shows a linearized XbaI restriction map of the CfMNPV
genome. Below are two expanded restriction maps for the region encoding the CfMNPV slp gene. The horizontal arrows below the restriction maps
represent the direction and length of the nucleotide sequence reactions. The bottom panel shows the location of start (short vertical bars) and stop
(long vertical bars) codons in six different reading frames of the determined sequence. Solid arrow shows the direction, location, and length of the
CfMNPV slp open reading frame. The C-terminus of the CfMNPV DNA polymerase opening reading frame (17) is also shown. (B) The nucleotide
sequence of the CfMNPV slp ORF and its flanking regions is shown. Preparation of plasmids pCfXbaH, pCfBS4.1(/), pCfBS4.1(0), and deletion
clones derived from these plasmids was reported elsewhere (17). Plasmid pCfXX2.3 was prepared by digestion of pCfXbaH with XhoI and then
religation. The nucleotide sequence reported here was determined from plasmids pCfXX2.3, pCfBS4.1(/), pCfBS4.1(0), and their respective deletion
clones by the Core Facility for Protein/DNA Chemistry (Department of Biochemistry, Queen’s University). To confirm the nucleotide sequences
between the gaps generated by the deletion clones, customized primers were synthesized with a Biosearch 8750 DNA synthesizer and used with
the appropriate templates. Each nucleotide was sequenced at least three times. The predicted amino acid sequence is shown in standard one-
letter format below the DNA sequence. The nucleotide sequence encoding the C-terminal 4 amino acids of the CfMNPV DNA polymerase gene is
included at the beginning of the sequence. Predicted baculovirus late transcription sites (G/ATAAG) are double underlined. The transcription start
site mapped by primer extension assays (Fig. 3B) is marked with a rightward arrow above the first GTAAG sequence. A potential N-glycosylation
site is singly underlined and two protein kinase C phosphorylation sites are dot underlined.
that forms spindle bodies, of two entomopoxviruses a putative N-glycosylation site is conserved in its location
among the baculoviruses (CfMNPV amino acids 193–Choristoneura biennis entomopoxvirus (CbEPV) and He-
liothis armigera entomopoxvirus (HaEPV) (12, 13). Clus- 195) and entomopoxviruses (CbEPV amino acid 196–
198). Also conserved is the hydrophobic N-terminal re-talW (19) amino acid sequence comparisons revealed
sequence identity with the CfMNPV gene product of 71% gion (CfMNPV amino acids 1–32), which has been pro-
posed to represent a signal peptide which is cleaved towith the AcMNPV and OpMNPV proteins, 70% with the
BmNPV protein, 35% with the HaEPV protein, and 32% generate the mature protein (12, 13). Six cysteine resi-
dues, located within the middle portion of the proteinswith the CbEPV protein. A number of highly conserved
amino acid domains were also recognized when these are conserved in all sequences while the remaining cys-
teines, located in the variable C-terminal region, are alsosame sequences were aligned (Fig. 2). Many of these
domains have been previously recognized but the addi- somewhat conserved within the baculoviruses and the
entomopoxviruses, strongly indicating a common net-tion of the CfMNPV amino acid sequence and the refined
alignment that we present further supports the highly work of S-S bridges and hence a common folding of
these domains. There are also 8 prolines conserved inconserved nature of several other regions. For example,
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FIG. 2. Amino acid sequence alignment of baculovirus and entomopoxvirus gene products. The CfMNPV slp amino acid sequence was aligned
with the homologous proteins of AcMNPV, OpMNPV, BmNPV, CbEPV, and HaEPV based on the results of ClustalW analyses. The numbers on the
left represent the amino acid position from the amino terminus for each protein. Gaps were introduced in order to derive the best alignments based
on characteristics of conserved amino acids. Identical amino acids in at least four of the protein sequences are shaded. This alignment highlights
the high degree of sequence conservation between these six gene products except in the C-terminal region where the amino acid sequence is
not highly conserved but where the region is highly hydrophilic in all proteins. Sequences of other organisms were obtained from NCBI-GenBank
Release 92.0.
all six sequences which may mark bends in the protein obviously related to these spindle-shaped proteins. In-
deed, the baculovirus SLPs has been localized to cyto-structure. The five proteins also exhibit very similar over-
all hydrophilicity profiles including a conserved N-termi- plasmic inclusion bodies in OpMNPV-infected cells and
to the AcMNPV polyhedron matrix (11). These data indi-nus hydrophobic region (the putative signal peptide),
stretches of mainly hydrophilic regions throughout the cate that SLP is an abundant gene product which is
highly conserved between two different families of insectmiddle portion of the proteins and a hydrophilic C-termi-
nus. The high level of overall sequence similarity and DNA viruses.
We determined the number and size of transcripts de-the conservation of common amino acid regions in the
CfMNPV gene indicate that it is the homologue of the rived from the CfMNPV slp gene region as well as their
temporal expression pattern by Northern blot hybridiza-AcMNPV p34.8 and OpMNPV gp37 genes and that these
baculovirus genes are homologues of the entomopox- tion using a strand-specific riboprobe as previously de-
scribed (20). Transcripts of 1.3 and 1.5 kb were detect-virus fusolin genes. We propose to rename the baculovi-
rus genes as spindle-like protein (slp) since they are able at 24 hr postinfection, their abundance levels in-
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FIG. 3. Temporal expression and 5*-end mapping of the CfMNPV slp gene transcription products. (A) Total intracellular RNA from mock (lane M)
and CfMNPV-infected Cf-124T cells at various times after virus infection was prepared, blotted onto nitrocellulose membranes, and hybridized with
a CfMNPV slp-specific riboprobe. The riboprobe was prepared by digesting pCfBS4.1(0)184 plasmid DNA with ScaI and radio-labeling cRNA with
[32P]UTP in the presence of T3 RNA polymerase (Stratagene) according to the manufacturer’s instructions. Two major transcripts of 1.3 and 1.5 kb,
detected by 24 hr postinfection, continued to accumulate at later times. (B) A 25-mer oligonucleotide primer was used to prime the reverse
transcription reaction with 50 mg of total intracellular RNA prepared from mock-infected (lane 0) or CfMNPV-infected Cf-124T cells at various times
after infection. A single extension product of 119 nucleotides in length, detectable at 48 hr postinfection, mapped the transcription start site to the
first G within the baculovirus late site, GTAAG at position 018. The M13 DNA sequence ladder used to determine the size of the extension product
is shown alongside the primer extension results.
creased dramatically by 36 hr postinfection, and ically at later times postinfection, suggesting there might
be different regulatory mechanisms involved for the ex-remained high at 48 hr postinfection (Fig. 3A). A weak
signal for a 3.2-kb transcript was observed at 36 and 48 pression of these genes in different viruses. Alternatively,
different host cells may exert different affects on the levelhr postinfection. This transcript likely represents a minor
long slp gene transcript. of viral gene expression. In transient expression assays,
CfMNPV promoter activity was undetectable in Cf124TThe 5* terminus of the slp transcript was identified
using a 25-nucleotide synthetic DNA primer (5*-AAGCAC- cells even though significant levels of expression were
found in Sf21 cells (16). Inefficient or delayed early geneTTGTATTGCCTAGCGACTG-3* ) in primer extension reac-
tions with 50 mg of intracellular RNA as previously de- expression in Cf124T cells may result in a delay in the
entire CfMNPV virus replication process, including latescribed (17 ). A single extension product was detected at
48 hr postinfection (Fig. 3B), corresponding to a consen- expression of genes such as slp.
The dramatic increase in the steady state levels ofsus baculovirus late transcription start site at position
018 relative to the translation initiation site (Fig. 1B). CfMNPV slp transcripts between 24 and 36 hr postinfec-
tion correlates with the time of maximum CfMNPV extra-This result correlated well with the Northern hybridization
data, which indicated that very little slp transcription oc- cellular virus release, preceding the subsequent switch
to virion occlusion in the nucleus (15). Since spindle-likecurred prior to 24 hr postinfection (Fig. 3A). A TATA box
motif is located 37 bp further upstream of this transcrip- protein has been found associated with both cytoplasmic
and nuclear occlusion bodies, this protein may be in-tion start site, overlapping a potential poly(A) addition
signal for the DNA polymerase gene (Fig. 1B). Therefore, volved in regulating the intracellular trafficking of virions.
Alternatively, this protein may be an essential componentthe promoter region of the CfMNPV slp gene is organized
in a similar fashion to other characterized late baculovi- of the virion assembly or occlusion process. This latter
hypothesis is particularly attractive because of the possi-rus genes including the slp genes. However, differences
do exist in slp gene expression among the different bacu- bility of posttranslational processing of spindle-like pro-
tein. In addition, the conservation of hydrophilic aminoloviruses. CfMNPV and OpMNPV utilize only one site for
transcription initiation while AcMNPV utilizes two differ- acids in the C-terminal region but diversity in the actual
number of amino acids in this domain in the five differentent late start sites (9, 11). This may affect the temporal
expression patterns of the three genes. OpMNPV and viruses suggests that the length of this region is not as
critical as its overall hydrophilicity. This length variabilityCfMNPV slp gene expression in virus-infected cells is
delayed compared to that of AcMNPV (11). However, un- is responsible for the larger size of the predicted CfMNPV
polypeptide (42.1 kDa) compared to the other baculoviruslike OpMNPV, CfMNPV slp expression increases dramat-
AID VY 8120 / 6a1e$$$$22 08-16-96 01:00:13 viras AP: Virology
400 SHORT COMMUNICATION
5. Lu, A., and Carstens, E. B., Virology 181, 336–347 (1991).polypeptides (34.8–37 kDa). Although a previous attempt
6. Carstens, E. B., Lu, A. L., and Chan, H. B., J. Virol. 67, 2513–2520at insertional mutagenesis was unsuccessful (9), no func-
(1993).
tional role for this protein is currently known so it may 7. Ribeiro, B. M., Hutchinson, K., and Miller, L. K., J. Virol. 68, 1075–
be premature to conclude that the baculovirus slp genes 1084 (1994).
8. Carstens, E. B., Chan, H., Yu, H., Williams, G. V., and Casselman,code for an essential product until further functional
R., Virology 204, 323–337 (1994).assays are developed.
9. Wu, J., and Miller, L. K., J. Gen. Virol. 70, 2449–2459 (1989).
10. Vialard, J. E., Yuen, L., and Richardson, C. D., J. Virol. 64, 5804–
ACKNOWLEDGMENTS 5811 (1990).
11. Gross, C. H., Wolgamot, G. M., Russell, R. L. Q., Pearson, M. N.,
This work was supported by Insect Biotech Canada, the Medical
and Rohrmann, G. F., J. Virol. 67, 469–475 (1993).
Research Council of Canada, and the Natural Sciences and Engi-
12. Dall, D., Sriskantha, A., Vera, A., Lai-Fook, J., and Symonds, T., J.
neering Research Council of Canada. J.J.L. was supported by a Natural Gen. Virol. 74, 1811–1818 (1993).
Sciences and Engineering Research Council of Canada postgraduate 13. Yuen, L., Dionne, J., Arif, B., and Richardson, C., Virology 175, 427–
scholarship. We thank Eunice Wang and Richard Casselman for excel- 433 (1990).
lent technical assistance. 14. Arif, B. M., J. Gen. Virol. 76, 1–13 (1995).
15. Liu, J. J., and Carstens, E. B., Can. J. Microbiol. 39, 932–940 (1993).
16. Qiu, W., Liu, J. J., and Carstens, E. B., Virology 217, 564–572 (1996).REFERENCES
17. Liu, J. J., and Carstens, E. B., Virology 209, 538–549 (1995).
1. Ayres, M. D., Howard, S. C., Kuzio, J., Lopez-Ferber, M., and Possee, 18. Maeda, S., ‘‘Bombyx mori Nuclear Polyhedrosis Virus (Individual
R. D., Virology 202, 586 – 605 (1994). Isolate T3) DNA, Complete Genome: GenBank Accession Num-
2. Lu, A., and Miller, L. K., J. Virol. 69, 975–982 (1995). ber L33180’’ (1996).
3. Kool, M., Ahrens, C. H., Vlak, J. M., and Rohrmann, G. F., J. Gen. 19. Thompson, J. D., Higgins, D. G., and Gibson, T. J., Nucleic Acids
Virol. 76, 2103–2118 (1995). Res. 22, 4673–4680 (1994).
20. Blissard, G. W., and Rohrmann, G. F., Virology 170, 537–555 (1989).4. Gordon, J. D., and Carstens, E. B., Virology 138, 69–81 (1984).
AID VY 8120 / 6a1e$$$$22 08-16-96 01:00:13 viras AP: Virology
